In high-speed railways, the quality of current collection of high-speed train is directly determined by the contact force between the contact wire of the catenary and the registration strip of the pantograph. In order to ensure a stable contact force, this paper proposes a control strategy for active pantographs by minimizing the acceleration of pantograph collector. The model of pantograph-catenary interaction is established based on the finite element approach and the multibody dynamics. A Kalman filter is designed to obtain the states of the pantograph considering complex electromagnetic circumstances and severe physical environments. According to the equation of motion for the pantograph-catenary system, the implicit expression of pantograph-catenary contact forces is derived. The factors causing the fluctuation of the contact force are analyzed to determine the three control targets, which are minimize the acceleration of pantograph collector, limit the control force and displacement constraint. At last, a multi-objective robust control method based on state estimation is designed. The robustness and effectiveness of the control method are verified on a nonlinear pantograph-catenary system model under different work conditions. The results show that the error between the estimated value and the true value of the pantograph is between 0.06% and 3.46%. The standard deviation of contact force is reduced by 29.55%, 25.26%, and 20.86% under different operational speeds, respectively. The standard deviation of the contact force was still reduced considering the parameter perturbation of pantograph and the unevenness of contact lines. The result of proposed control strategy is better than previous work, even though the proposed controller requires a lower energy consumption. In addition, With the proper pre-treatment of the active control force, the movement number of the actuator is reduced and the control performance is still fine.
I. INTRODUCTION
In recent years, the high-speed railway technologies have been receiving great attention. An important factor affecting the safe and reliable operation of high-speed railway is the quality of current collection of the pantograph-catenary system (PCS) [1] , which is directly reflected by the fluctuation of the pantograph-catenary contact force (PCCF) as show in Fig. 1(a) . The pantograph-catenary contact force [2] fluctuation may result in the occurrence of arcing and extra wear of registration strips as well as other security problems as show The associate editor coordinating the review of this manuscript and approving it for publication was Ruilong Deng .
in Fig. 1(b) . In fact, the fluctuation of the contact force is mainly affected by the increasing speed of the train and the environmental perturbations, which brings more challenges to a better current collection quality. This paper attempts to make a contribution to this topic.
In order to reduce the fluctuation of contact force, the coupling dynamics of the pantograph-catenary has been deeply studied. An optimization approach for the pantograph suspension system was proposed to ensure a stable current collection quality [3] - [5] . However, these measures have limited potentials in improving the dynamic performance, not exceeding 10%-15% on the decrease of the standard deviation of the contact force. Similarly, lots of works have been carried out on catenary parameter optimization [6] , [7] to improve its wind-resistance capability [8] , [9] and wave propagation behaviour [10] . However, the parameter optimization cost is huge, and it is difficult to implement due to the tension limit and the material limit. Apart from the structural optimization, the active control technique for the pantograph is another way to improve the current collection quality of pantographcatenary system, which has good potential to reduce the fluctuation of contact force, and has great adaptability to different types of catenary, but there are still some issues that deserve further attention.
First of all, the primary issue is to design a high-efficiency controller. The previous studies on this topic mainly focused on control strategies. The most widely used method was proportional-integral-derivative (PID) control [11] - [13] , and others included fuzzy control [14] , sliding mode control [15] , [16] , optimal control [17] , [18] , and so on. In these controllers, the contact force was mainly used as the feedback. Currently, the contact fore is calculated by the acceleration of the pantograph strip, the inertia force and the aerodynamic forces, which definitely brings some errors to estimate the contact force. In this paper, the acceleration of the pantograph strip is directly used as the feedback. The dramatic change in the acceleration is able to represent the sharp fluctuation of PCCF, which is explained in the third section.
The second issue is regarding the acquisition of the pantograph states, which are used as the feedback in the active pantograph. Most previous works [16] - [20] adopted the state information of the PCS, in their controllers, but the acquisition of the state information was not reported, the complexity of the PCS environment can easily lead to measurement errors. State estimation is a suitable method to eliminate the errors. It has been used reliably in various engineering backgrounds [21] . In order to reduce the negative effect of the severe electromagnetic interference and environment perturbations, a Modified Kalman filter (MKF) [22] is adopted to obtain the pantograph states in PCS. It has the corresponding advantage to overcome the adverse effects caused by the inherent error of the model during the state estimation process.
The last issue is the validation of the proposed control strategy with a nonlinear PCS model. Compared with most of the existing oversimplified linear models, the nonlinear PCS model is more realistic and complicated, which may cause the failure of the controller. So, it is necessary to verify with a nonlinear PCS model [16] - [18] , [23] . Among them, the pantograph is normally established by a two or three-level mass-spring-damper systems and the catenary is established based on nonlinear cable and truss elements [24] - [25] . In addition, the uncertainty of the material and structural parameters may lead to the mismatch of the numerical model with respective to its realistic conditions, whose effect on the control performance is also investigated.
According to the above discussion, most active pantograph control strategy uses a feedback control system. In addition, most of these control strategies produce high-frequency control force that puts higher demands on actuator configuration. Addressing this matter, this paper proposes a new control strategy to reduce the fluctuation of PCCF by minimizing the acceleration of pantograph collector (PCA), which is verified with a nonlinear PCS model. Compared with previous controller, the result of proposed control strategy is better than previous work, even though the proposed controller requires a lower energy consumption. In addition, With the proper pre-treatment of the active control force, the movement number of the actuator is reduced, which can reduce the negative effects of time delay, and the control is still effective.
The main contents of this study and their relationship are shown in Fig. 2 . The finite element model of catenary is established and validated in section II. According to the coupled equation of motion for PCS, a multi-objective robust control method based on the state estimation is proposed in Section III. Section IV verifies the effectiveness and stability of the controller. Finally, the research conclusions of this paper are summarized. 
II. PANTOGRAPH-CATENARY MODEL A. PANTOGRAPH MODEL
The lumped-mass model is an efficient approach to describe the behaviours of the pantograph [24] , [25] . In this paper, the three-degree-of-freedom lumped model of pantograph is adopted, which is a good representative of the physical characteristics of the real pantograph. The specific structure is shown in Fig. 3 . Based on multibody dynamics, the equation of motion for the pantograph is obtained.
where, m 1 , m 2 and m 3 are the mass of the collector, upper, and lower frames of a pantograph, respectively. k 1 , k 2 , k 3 and c 1 , c 2 , c 3 represent the stiffness and damping of the collector, upper frame and lower frame, respectively. x 1 , x 2 , x 3 denote the vertical displacement of each mass, F pc is the contact force, F l is the static lift force, and u is the control force.
Defining the state variables as x p = [x 1 , x 2 , x 3 ] T , Eq. (1) can be simplified as
B. CATENARY MODEL
The catenary is an important part of the electrified railway, and transmits electric power to the high-speed train. It consists of contact wire, droppers, messenger wire, steady arms, etc. The finite element model (FEM) of the catenary is shown in Fig. 4 (a) and 4(b). The nonlinear cable element is used to model the contact wire and messenger wire as shown in Fig. 4 (c). The model of dropper is established based on the nonlinear truss element as shows in Fig. 4(d) . The equation of motion for the catenary can be expressed as
whereẍ c ,ẋ c and x c denote acceleration, velocity, and displacement of the catenary, respectively. F c represents an external force vector acting on the catenary, M c , C c , and K c respectively represent the mass, damping, and stiffness matrices of the catenary.
Combining (2) and (3) together, the coupled equation of motion for the PCS can be expressed as follows.
In order to verify the established pantograph-catenary coupling model, the simulation is performed using the reference model specified in EN 50318, and the results are standardized according to the acceptance range of the standard. The conversion function is as follows y * = y − y c_ min y c_ max − y c_ min (5) where y c_max and y c_min denote upper and lower limits of the standard range, y denotes the simulation results. The results are shown in Fig. 5 , which 'st.' means 'statistic'; 'ac.' means 'actual'. It can be seen that all the normalized values fall in (0,1), which means that the present model satisfies the requirement of EN 50318. 
III. ESTIMATOR-BASED MULTI-OBJECTIVE COLLECTOR
The control system of pantograph is designed in Fig. 6 . A multi-objective robust control strategy based on state estimation is proposed. The former is used to estimate pantograph status information, and the latter is used to reduce the contact force fluctuation.
A. PROBLEM FORMULATION
In previous control strategies, the contact force information was usually measured to reduce the fluctuation of contact force. In this paper, the acceleration of collector is used instead of the contact force as feedback information. Firstly, the factors affecting the fluctuation of contact force are analyzed from the equation of motion. According to (1), the PCCF can be evaluated by
It can be seen from (6) that the value of the PCCF is completely represented by its physical parameters (Table 1) and the state information of pantograph. Moreover, c 1 anḋ x 1 −ẋ 2 are very small, so the expression of the contact force can be further simplified to
In order to find the main source of the fluctuation of PCCF, a PCCF waveform at the speed of 380km/h is given. As shown in Fig. 7 , the main contribution of the fluctuation of the contact force is from B, but the impact of A shouldn't be ignored. Therefore, the purpose of reducing the fluctuation of PCCF can be achieved by minimizing the PCA and limiting the displacement difference between x 2 and x 1 .
According to the above analysis, the multi-objective robust control strategy is proposed in this paper. It includes the following aspects: 1) Minimize the PCA: In order to reduce the fluctuation of PCCF, the vertical acceleration of the collector should be minimized. 2) Limit the control force: The energy of the active controller is limited, which means that the amplitude of the control force is bounded. 3) Displacement constraint: Avoid the negative impact on the displacement difference between x 2 and x 1 during the process of minimizing the PCA, so give it a constraint in advance. The constraint is to maintain the difference within the range of uncontrolled.
Based on the above considerations, the performance requirements (1)-(3) can be described as
where z 1 (t), z 2 (t) and z 3 (t) denote the controlled outputs of the multi-objective robust control system, u max denotes the maximum control force, x max denotes the maximum displacement difference between the first mass and the second mass.
In order to resign a control-oriented model, it is necessary to calculate the original static stiffness based on the nonlinear catenary model. The important point is able to represent the elasticity distribution along the contact wire. It is can be described as
where v and t denote the train speed and time, respectively. a i , b i and c i are the fitting coefficients.
The contact force can be expressed as
According to (1), (8) and (10), if the state variable is set as
where w represents the disturbance of the system, u denotes the active control force. The state matrix and the input matrix are as follows
Therefore, the whole problem can be converted to design a state feedback law
where K is the control gain matrix. The multi-objective robust control problem of the pantograph is to determine the control gain matrix meeting the following requirements:
• The closed-loop system is asymptotically stable.
• The control targets are guaranteed when the disturbance is not greater than w max .
• For all disturbances w(t) ∈ L 2 [0, ∞), the performance ||G z1 || ∞ < γ is guaranteed under zero initial condition. G z 1 denotes the transfer function from w(t) to z 1 (t).
B. STATE ESTIMATION FOR THE PANTOGRAPH
It can be known from (11) and (12) that the calculation of the control force requires state variables of the pantograph. However, considering multiple sensors installed on a pantograph may reduce the reliability of control system, and the complex electromagnetic environment, the severe physical environment and other severe operating conditions can easily lead to inaccurate measurements. We assume that the observable quantity is the vertical displacement of each mass, and then estimates the vertical displacement and velocity of each mass. Therefore, an estimator is used to solve this problem. The discrete state space equation of the PCS can be described as
where A d , B d , C d are the correlation coefficient matrixes. w k represents the process noise. v k represents the measurement VOLUME 7, 2019 noise, which are uncorrelated zero-mean Gauss white noise, and their covariance matrixes are Q k and R k . Therefore, the general Kalman filter estimation algorithm [22] is given aŝ
The Kalman filter is an effective algorithm for Gaussian process optimal filtering. When the object model is sufficiently accurate, the performance is better; but when the model has errors, this growth memory filter makes the ''old'' measurement data have an adverse effect on the current state estimation, and may even be scattered. This problem can be solved by the fading filter algorithm, which uses the forgetting factor to limit the memory length of the Kalman filter to make full use of the current measurement data. The filter estimation formulas are modified as follows (20) The difference from the conventional Kalman filter is that the fading Kalman filter embodies the effect of the current measurement data on the state estimation. 
with 12 , where '' * '' denotes transposed matrix of symmetry position. If the above matrix inequality group has a solution, the value of K in the inequality can be obtained. Then, combining the estimator results, the optimal active control force can be described as
IV. SIMULATION STUDY
With different work conditions, several cases are given to verify the effectiveness and robustness of the proposed control strategies. In these cases, the real physical parameters of DSA380 pantograph and the catenary of Beijing-Tianjin high-speed network are adopted as shown in Table 1 and Table 2 .
A. PERFORMANCE OF THE ESTIMATOR FOR PANTOGRAPH
This case investigates the performance of the estimator implemented in a nominal pantograph-catenary model. This paper assumes that the observable quantity is the vertical displacement of each mass, and then estimates the vertical displacement and velocity of each mass. The main initial values of the estimator are set as v = 360km/h, Q = 10 −8 eye (6), R = diag[10 −4 , 10 −4 , 10 −4 ],x 0|0 = zeros(6, 1), P 0|0 = 10 −6 eye(6) and α = 1.01. Fig. 8 (a) -(c) denotes the measured, actual and estimated values of the vertical displacements of the masses 1, 2 and 3, respectively, Fig. 8 (d )-(f) show the actual and estimated values of the vertical speed of the pantograph mass, respectively. The values of root mean square errors with respective to Figure 6 are 0.0006, 0.0006, 0.0006, 0.0186, 0.0346 and 0.0268, respectively, which can be totally neglected. Therefore, the estimation algorithm can estimate the states with high efficiency.
B. INVESTIGATION OF THE PERFORMANCE OF CONTROLLER
The effectiveness and robustness of the controller is verified with a nonlinear PCS model. The control gain matrix is calculated according to the parameters in Table 1 and Table 2 as: K = 10 3 * [−3.3868 0.0736 4.7303 0.0016 − 3.2227 − 0.1139] Then, the performance of the control strategy is evaluated with the nonlinear PCS model. The PCCFs at the speed of 280km/h, 320km/h and 360km/h are shown in Fig. 9 (a)-(c) , respectively. The PCA under different operational speeds are shown in Figure 9 effectively reduced. Compared to the control strategy in [24] , the proposed control performance is better.
The fluctuation of the contact force (reflected by the STD of PCCF) is reduced, but it is not sufficient to explain the pros and cons of the controller. In general, the controller needs to maintain the average value of the contact force while reducing the fluctuation of PCCF. Comparing the simulation results of different work conditions, the bar of PCCF and PCA as shown in Fig. 10 , which 'No_280' and 'CL_280' respectively represent the results without control, with control at 280 km/h; in the same way, 'No_320' and 'CL_320' denote the uncontrolled and controlled results at 320 km/h, respectively. It can be seen from Fig. 10 that the maximum value of the PCCF and PCA are decreased, the minimum values are increased, and the mean value remains unchanged.
As can be seen from (24) , the characteristics of the control force depend on the gain matrix 'K' and the pantograph state variable 'x'. The value of the gain matrix K is constant during the control process, and the displacement and velocity of each mass of the pantograph has a low frequency (it can be seen from Fig. 8 ). Therefore, the control force has a low frequency as show in Fig. 11 , and its dominant frequency is around 2Hz. In addition, the comparison of the control forces with [24] is shown in Figure 12 , the amplitude of the control force is significantly smaller. In other words, the result of proposed control strategy is better than the control result in [24] , even though the proposed controller requires a lower energy consumption.
The time from the acquisition of state information to the active control force acting on the PCS is called the actuator time delay. The time delay problem and its impact will occur when actuator needs to move. Therefore, when the actuator does not need to operate, the time delay problem naturally does not need to be considered. This paper attempts to reduce the negative effects of time delay by reducing the number of actuator actions, rather than eliminate the actuator's time-delay. According to the low frequency characteristics of the active control force, the active control force can be pre-processed to reduce the number of actuator actions. The processing method is as follows where u * (t) denotes control force after being processed, u h (t), u l (t) and u s all represent positive constants, which can be obtained from the control force before pre-processing. The simplified control force is shown in Fig. 13(b) , which 'control I' is the control force before unprocessed and 'control II' is the control force after processing. The contact force as shown in Fig. 13(a) . After the active control force is preprocessed, the STD of the PCCF is decreased by 24.46%. In this case, the optimality of the controller is lost, but the number of actuator actions is significantly reduced.
The time delay is a characteristic of the actuator itself. In Fig. 13 , the running speed of the high-speed train is 280km/h, so it can be estimated that the maximum actuation time interval in the controller II is 0.321 seconds. When the time delay of actuator is less than the maximum actuation time interval in controller II, the designed controller provides a solution for reduce the impact of the actuator time delay. In summary, the time delay acceptable for the controller designed should be less than the maximum actuation time interval.
C. ROBUSTNESS INVESTIGATION FOR PARAMETER UNCERTAINTIES OF PANTOGRAPHS
The above simulations are performed under ideal conditions without considering parameter perturbation. In fact, there is always a slight error between the ideal model and the actual system. In this section, the control performance is evaluated with the parameter perturbation of the pantograph. The parameters are intentionally changed, as shown in Table 1 . The calculated results for different cases are shown in Fig. 14. The STD of the contact force is reduced by 20.35% and 18.37% from the simulation results, respectively. It is worth noting that the parameter perturbation of the pantograph is almost less than the value of case 1 or case 2. Therefore, the control strategy proposed in this paper can deal with the parameter perturbation of the pantograph efficiently.
D. ROBUSTNESS INVESTIGATION FOR THE UNEVENNESS OF CONTACT LINES
The unevenness of contact lines is one of the factors that considerably influences the dynamic characteristics of current collection systems. In electrified railways, the unevenness of VOLUME 7, 2019 In the finite element model of the catenary, the equation of the unevenness of contact lines [29] can be described as
where A represents the uneven amplitude, λ denotes the uneven wavelength, and x represents the coordinate along the contact line. According to the previous research work [29] - [31] , the robustness of the proposed control strategy for the unevenness of contact lines is investigated. Fig. 15 shows the contact force with and without control under the unevenness of contact lines. It can be seen that the control strategy performs well, even though the fluctuation in contact force is greatly aggravated by the unevenness of contact lines. In Fig. 15(a) -(c), the STD of contact force is reduced by 29.13%, 24.17% and 16.94% respectively. Therefore, the proposed control strategy has a good robustness to reject external disturbance. In addition, as the unevenness of contact lines increases, the performance of the controller gradually decreases.
V. CONCLUSION
In this paper, a controller is proposed for the active pantograph to reduce the fluctuation of PCCF. The model of pantograph-catenary interaction is established based on the finite element approach and the multibody dynamics. A Kalman filter is designed to obtain the states of the pantograph considering complex electromagnetic circumstances and severe physical environments. The factors causing the fluctuation of the contact force are analyzed to determine the three control targets, which are minimize the PCA, limit the control force and displacement constraint. At last, a multiobjective robust control method based on state estimation is designed, and the effectiveness and robustness of the proposed control strategy are verified with the nonlinear PCS model. the result of proposed control strategy is better than the control result in [24] , even though the proposed controller requires a lower energy consumption. (4) Due to the low frequency characteristics of the active control force, this paper attempts to reduce the negative effects of time delay by reducing the number of actuator actions. In addition, after the pre-treatment of the active control force, the number of actuator actions is reduced, and the control is still effective. (5) With the parameter disturbance of pantograph, the STD of PCCF is still reduced by 20.35% and 18.37% at 280km/h. In other words, the control strategy proposed in this paper can deal with the parameter perturbation of the pantograph efficiently. In addition, as the unevenness of contact lines increases, the performance of the controller gradually decreases.
In the future, considering the limitations of numerical simulation, the interaction between the physical pantograph and the catenary is not perfectly reflected [32] . Therefore, more research will be based on a hybrid simulation of pantographcatenary interactions. It is worthwhile to note that the pantograph is considered as the lumped-mass model in this paper, which may be not realistic. And, the measurement accuracy of the state variables of the pantograph and the high-voltage electromagnetic interference are not considered [33] , which may trigger some changes in calculation control force. In the future, these factors will be taken into account and the active control for high-speed railway pantograph-catenary will be investigated extensively. 
